Abstract Mammalian hibernators undergo profound behavioral, physiological, and biochemical changes in order to cope with hypothermia, ischemia-reperfusion, and finite fuel reserves over days or weeks of continuous torpor. Against a backdrop of global reductions in energyexpensive processes such as transcription and translation, a subset of genes/proteins are strategically upregulated in order to meet challenges associated with hibernation. Consequently, hibernation involves substantial transcriptional and posttranscriptional regulatory mechanisms and provides a phenomenon with which to understand how a set of common genes/proteins can be differentially regulated in order to enhance stress tolerance beyond that which is possible for nonhibernators. The present review focuses on the involvement of messenger RNA (mRNA) interacting factors that play a role in the regulation of gene/protein expression programs that define the hibernating phenotype. These include proteins involved in mRNA processing (i.e., capping, splicing, and polyadenylation) and the possible role of alternative splicing as a means of enhancing protein diversity. Since the total pool of mRNA remains constant throughout torpor, mechanisms which enhance mRNA stability are discussed in the context of RNA binding proteins and mRNA decay pathways. Furthermore, mechanisms which control the global reduction of cap-dependent translation and the involvement of internal ribosome entry sites in mRNAs encoding stress response proteins are also discussed. Finally, the concept of regulating each of these factors in discrete subcellular compartments for enhanced efficiency is addressed. The analysis draws on recent research from several well-studied mammalian hibernators including ground squirrels, bats, and bears.
Introduction
The set of genes/proteins present in a cell largely define it, and documentation of these expression signatures has helped us to understand innumerable physiological and pathological states while also having significant impacts on diagnostics, clinical care, and outcome. However, much more remains to be learned. While a global understanding of all the genes/ proteins responsible for shaping a particular phenotype is an exciting goal, the real breakthrough will involve the capacity to selectively manipulate gene/protein expression profiles in order to improve health and treat disease. Dramatic advancements in our understanding of the cellular regulatory mechanisms which drive the global make-up of cells are therefore required. One particular piece of the puzzle that is needed is a better understanding of the cellular machinery responsible for directing gene and protein expression programs, including a vast array of proteins and noncoding RNAs whose complex interplay drives gene expression, mRNA transcript handling, protein synthesis, and posttranslational processing to create the final functional protein and place it in the correct subcellular destination. The expression of mammalian genes is regulated by signal transduction pathways, epigenetic factors, transcription factors and other constituents of the transcriptional machinery, mRNA processing factors, components of the translational apparatus, and the subcellular distribution of each these factors. Epigenetic factors such as DNA methylation influence the binding of transcription factors or S. N. Tessier : K. B. Storey (*) corepressors and posttranslational modifications of histone tails alter chromatin structure and accessibility, collectively affecting transcriptional competence (Ling and Groop 2009) . The eukaryotic transcriptional machinery consists of RNA polymerase II, transcription factors, and other accessory factors which recognize specific regulatory elements in gene promoter regions in order to implement active transcription (Thomas and Chiang 2006) . During transcription, pre-mRNA is processed by a vast array of proteins which orchestrate 5′ capping, constitutive and alternative RNA splicing, and 3′ polyadenylation which may also be influenced by regulatory elements present in the 5′ and 3′ UTR (Bentley 2002) . The journey continues as mRNAs are shuttled from the nucleus to the cytoplasm where they interact with the translational machinery and are subject to intricate regulatory features (Proud 2002) . Finally, overlaid alongside each of these steps are subcellular domains which act to enrich and localize factors into organizational centers for improved efficiency and control of mRNA fate (Mao et al. 2011) .
It is becoming clear that improving our understanding of the complex influences that direct gene/protein expression programs in the context of cell stress and disease not only improves our knowledge of the natural capacity of cells to respond to stressful states but also allows us to elucidate mechanisms of context-dependent gene/protein expression with therapeutic potential. A particularly interesting model for improving our understanding of the regulation of gene/protein expression in response to environmental stress is mammalian hibernation. Hibernation is defined as a reversible state of suspended animation employed as a survival strategy to survive long winter months with limited food (Wang and Lee 1996) . Seasonal hibernators cycle through periods of profound torpor (body temperatures <5°C) interspersed with intermittent periods of arousal until environmental conditions return to a state that can support normal life (Wang and Lee 1996) . In this capacity, mammalian hibernators endure hypothermia, ischemia-reperfusion, and restricted nutritional resources and yet transition seamlessly to and from the torpid state. The ability to induce a hibernation-like state holds immense clinical promise since it would serve as a means of lowering tissue energy needs and reduce damage caused by ischemia-reperfusion; however, it is also associated with many adverse effects in humans and most mammals. Nonetheless, hypometabolic states have been applied for treatment of stroke, heart attack, multiple organ failure, as well as brain and spinal cord injury (Lee 2008) . Moreover, the ability to induce and maintain a dormant state could improve chances for survival by injured patients during transport to medical facilities, delay the onset of age-related diseases, or extend the viability of donor organs removed for transplantation. Importantly, it has been proposed that this capacity to survive during severe seasons may rely to a great extent on regulated and coordinated use of common genes/proteins rather than specially evolved ones (Srere et al. 1992 ). This principle not only signifies that human cells may one day be able to take advantage of these positive survival strategies for the improvement of human health and disease, but also suggests that the principles which define a hibernating cell hold a wealth of knowledge, especially as it pertains to the regulation of gene/protein expression programs.
Mammalian hibernators are an excellent model system for uncovering mechanisms involved in mRNA fate in response to stress since they display regulatory mechanisms which act to globally reduce transcription (Morin and Storey 2006) and translation (Frerichs et al. 1998 ) during torpor, yet a small subset of stress-responsive pathways must be activated in order to overcome the stresses associated with the hibernating phenotype (Hittel and Storey 2001; Eddy et al. 2005a; Yan et al. 2008) . Furthermore, many studies of mammalian hibernators have shown that the total pool of mRNA remains stable (Frerichs et al. 1998) , and there are many examples of a discord between mRNA and protein expression profiles . These data suggest that mRNA substrate availability alone cannot explain the inhibition of protein synthesis nor does it provide a full understanding of the differential regulation of the hibernator proteome. Taken together, mammalian hibernators are subject to substantial transcriptional and posttranscriptional regulation, and various mechanisms have been elucidated to date (Storey and Storey 2004b) . For example, work spanning a range of mammalian hibernators has identified epigenetic controls that coordinate the global suppression of transcription (Morin and Storey 2009) , the involvement of transcription factors, and their role in achieving a directed cellular response to the various stresses faced as a result of hibernation (Carey et al. 2000; Cai et al. 2004; Lee et al. 2007; Mamady and Storey 2008; Morin et al. 2008b; El Kebbaj et al. 2009; Tessier and Storey 2012) , microRNAs which exert reversible control over translation (Morin et al. 2008a; Liu et al. 2010; Kornfeld et al. 2012 ), posttranslational modifications which influence the formation of the 48S preinitiation complex (Wu and Storey 2012; Van Breukelen et al. 2004) , and the disaggregation of polyribosomes during hibernation (Knight et al. 2000; Hittel and Storey, 2002; Pan and Van Breukelen 2011) .
The present review evaluates multiple regulatory mechanisms involved in the control of gene/protein expression which provide the hibernating cell with the means to survive the stresses associated with cycles of torpor-arousal (e.g., hypothermia and ischemia-reperfusion), comparing data collected from several mammalian hibernators (summarized in Fig. 1) . Following a description of the general principles of mammalian hibernation, the involvement of mRNA processing factors and other interacting proteins will be addressed as a means of attaining global reductions of translation during torpor and mediating a quick reversal during arousal, protecting and stabilizing mRNA pools since there is limited capacity to replace essential biomolecules, and suggest a possible role for alternative splicing as a mechanism to expand stress tolerance. Next, the regulation of initiation and elongation translation factors as a complementary mechanism employed to achieve global reductions in translation, but also mechanisms that facilitate the evasion of cap-dependent inhibition and promote the preferential synthesis of key proteins, will be addressed. These include the importance of posttranslational modifications, protein-protein interactions, polysome disaggregation, and internal ribosomal entry sites (IRES). Finally, the subcellular organization and distribution of mRNA factors in response to hibernation will shed light on how intracellular compartments such as the nucleus and cytoplasm can be strictly regulated and allow the various components to differentially associate with cellular structures in ways that regulate their availability, activity, and net cellular response. While a host of other factors are surely involved including the importance of epigenetic factors, microRNAs and other noncoding RNAs, and stress-responsive transcription factors, the reader is directed to several excellent reviews already available on these subjects (Van Breukelen and Martin 2002; Andrews 2007; Storey 2004b, 2010; Morin and Storey 2009; Biggar and Storey 2011; Pałyga 2011; Geiser 2013 ).
Mammalian hibernation
The ability to enter a hypometabolic state occurs widely across the animal kingdom and, more specifically, mammalian hibernators are represented in eight different groups including monotremes (e.g., echidnas), marsupials (e.g., opossums), rodents (e.g., ground squirrels, dormice, hamsters, and jerboas), bats, shrews, insectivores (e.g., hedgehog and tenrecs), primates (e.g., lemurs), and carnivores (e.g., bears) (Storey 2010) . Hibernation generally consists of multiple bouts of deep torpor, either occurring on a daily basis (e.g., Djungarian hamsters) or on the order of days (e.g., black bears) or weeks (e.g., ground squirrels), with intermittent periods of arousal during which animals rewarm to euthermic body temperature (T b ; Wang and Lee 1996) . As such, the length of time spent in deep torpor varies substantially among mammals, and, in fact, variations are also observed in the depth of torpor bouts. While an astounding 40°C change in T b has been observed in arctic ground squirrels with a minimal T b as low as −3°C (Barnes 1989) , T b in the short-beaked echidna ranges maximally from 4 to 33°C (Grigg et al. 1989) and larger animals such as black bears display shallow body temperature ranges of only 30-36°C (Tøien et al. 2011) . A decrease in T b passively slows basal metabolic rate and biochemical reactions; however, evidence exists for the active suppression of metabolism in a range of hibernators including ground squirrels and bears (Chung et al. 2011; Tøien et al. 2011) . In the liver of ground squirrels, decreases in mitochondrial metabolism precede drops in T b (Chung et al. 2011 ), and bears demonstrate only minimal changes in T b yet display a 75 % decrease in basal rates (Tøien et al. 2011) . Hibernators also exhibit dramatic changes in heart, respiration, and organ perfusion rates which would have severe consequences for nonhibernators. In ground squirrels hibernating with a core T b of 5°C, heart rates decrease from 350 to 400 beats/min to just 5-10 beats/min in deep torpor, respiration rates drop from >40 breaths/min to <1 breath/min, and organ perfusion drops to <10 % of normal (Storey 2010) .
Many species use only body fuel reserves to survive the winter necessitating a phase of hyperphagia prior to hibernation; however, other hibernators have food caches in their burrows (Storey 2010) . Data from several hibernators suggest a strong preference for lipid catabolism and pathways which mediate carbohydrate sparing (Carey et al. 2003; Dark 2005; Shao et al. 2010) . Despite reductions in oxygen delivery, hibernating cells are generally not considered hypoxic because reductions in T b and regulated decreases in oxygen consuming cellular processes (e.g., transcription, translation, and ion pumps) reduce the demand for oxygen. A suite of molecular and biochemical mechanisms are utilized in order for a hibernating cell to achieve a new homeostatic balance whereby ATP demand versus supply are harmonized. These and other physiological parameters are rapidly reversed during periodic arousals from torpor as a 10-20-fold surge in oxygen consumption occurs within minutes when the animal rewarms to euthermia (Storey 2003) . The surge in oxygen consumption during arousal increases the production of reactive oxygen species and all mammalian hibernators have developed strategies to prevent damage to cellular biomolecules (Storey 2010; Storey and Storey 2004b; Storey and Storey 2010) .
mRNA processing and stability
The conversion of precursor mRNA into mature mRNA includes the processes of 5′capping, splicing, and 3′ polyadenylation before export to the cytoplasm for translation. Several excellent reviews discuss mRNA processing including comprehensive descriptions of capping (Cowling 2010) , splicing (Shin and Manley 2004) , cleavage (Tian and Graber 2012) , polyadenylation (Gruber et al. 2014) , co-transcriptional mRNA processing (Bentley 2005) , as well as the regulation of mRNA processing factors in response to different physiological states (Bentley 2002) , external stress (Muñoz et al. 2009; Dutertre et al. 2011) , and human disease (Faustino and Cooper 2003) . Briefly, the 7-methyl G5′ppp5′N cap is added when RNA is about 25 bases long, and this modification is catalyzed by RNA triphosphatase, guanylyltransferase, and 7-methyltransferase acting in series (Bentley 2002) . Introns are removed by the spliceosome which is a large, dynamic complex comprising five uridine-rich small nuclear ribonucleic particles (UsnRNPs) and many other proteins (Bentley 2002 ). Spliceosome assembly is assisted by serine/argininerich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) which play a role in splice site selection Fig. 1 Regulatory mechanisms in control of mRNA fate during mammalian hibernation. Translation initiation and elongation factors are regulated by phosphorylation and protein-protein binding thereby reducing translational competence. Ribosomes are preferentially loaded with mRNAs containing IRES elements and this preference progresses throughout the torpor-arousal cycle, reaching the highest IRES index during arousal. This provides a mechanism to evade cap-dependent translation. Transcription factors direct gene expression programs aimed at mitigating the various stresses associated with hibernation and a host of mRNA processing factors and RNA binding proteins have been shown to play a vital role in the nucleus, especially during the torpor-arousal transition (Kishore et al. 2010 ). Adding to the amazing complexity of mRNA processing, it is estimated that alternative splicing occurs in about 60-80 % of human genes (Johnson et al. 2003; Lander et al. 2001) . Alternative splicing can affect the untranslated region (UTR) of mRNA that plays a major role in the control of transcript fate; therefore, alternative splicing may provide a mechanism to evade stress-induced repression of translation. Furthermore, alternative splicing may also occur within the coding sequence of mRNA, effectively diversifying the functional properties of proteins with potential for significant cellular consequences. Indeed, various forms of stress induce a large spectrum of modifications in alternative splicing (Muñoz et al. 2009 ) and the misregulation of pre-mRNA splicing has been associated with various human disease states (Faustino and Cooper 2003; Singh and Cooper 2012) . Finally, as determined by the interaction of specific sequence elements within the pre-mRNA with a multiprotein complex, the pre-mRNA is cleaved by an endonucleolase and a poly(A) tail is added to the 3′ end (Gruber et al. 2014) . In comparison to proteins, mRNA is significantly less stable with half-lives of different transcripts ranging from just a few minutes to 12 h (Hargrove and Schmidt 1989) . Hence, multiple regulatory mechanisms have evolved that enhance mRNA stability. These involve interactions with RNA binding proteins which protect mRNA from decay pathways and sequester mRNA into cytoplasmic stress granules, structural transitions, and/or alterations to the length of the poly(A) tail (Ross 1995) .
Evidence for the importance of mRNA processing factors in hibernation has been accumulated for several species including hazel and edible dormice (Malatesta et al. 2008) , greater horseshoe bats (Chen et al. 2008) , arctic ground squirrels , and thirteen-lined ground squirrels (Tessier et al. 2014) . A study in hazel dormice (Muscardinus avellanarius) analyzed the role of transcriptional (RNA polymerase II), splicing (hnRNPs, snRNPs, and SC35), and cleavage factors (CStF and CFIm68) in liver and brown adipose tissue from euthermic, hibernating, and aroused animals (Malatesta et al. 2008) . The pre-mRNA processing factors were shown to undergo intranuclear redistribution over torpor-arousal and the data indicated that pre-mRNA are preferentially stored at the splicing and cleavage stages in hepatocytes and brown adipose tissue, respectively, during torpor. Furthermore, it was observed that pre-mRNAs held at the cleavage stage in brown adipose during torpor were immediately utilized upon arousal, whereas in liver the pre-mRNAs held at the splicing stage underwent maturation before the onset of transcription. This tissue-specific response is surely attributed to differences in the functional roles of these tissues during hibernation. Brown adipose tissue is essential in the early phases of arousal whereby heat production is powered by nonshivering thermogenesis in specialized mitochondria (Milner et al. 1989) . In this capacity, it is likely that the accumulation of pre-mRNA at later stages in their maturation in brown adipose would support the drastic increase in metabolic activity required to fuel a rapid rewarming to the euthermic state. In summary, these data not only highlight a common theme in hibernating mammals whereby tissue-specific differences are often observed (Barger et al. 2003; Eddy and Storey 2007; Rouble et al. 2013 ), but, more importantly, places proteins involved in mRNA processing as critical factors in mediating transitions between torpor and arousal.
The involvement of mRNA processing factors in hibernation regulation, as identified from transcriptomic and proteomic studies, has also been shown in greater horseshoe bats (Rhinolophus ferrumeuimum) and arctic ground squirrels (Urocitellus parryii), respectively (Chen et al. 2008; Shao et al. 2010 ). Comparing brains from hibernating and aroused bats, Chen et al. (2008) classified the known overexpressed genes into five cellular processes including cell cycle regulation and apoptosis, the growth of neurons, signal transduction and neuroprotection, intracellular traffic, and gene expression regulation. Of particular interest, one overexpressed gene that was similar to hnRNP U isoform b was upregulated, possibly influencing pre-mRNA processing and metabolism as well as cytoplasmic-nuclear shuttling. Similarly, the differential expression of mRNA processing factors appears to be critical during torpor-arousal transitions in the liver of arctic ground squirrels; two pre-mRNA processing factors, three hnRNPs, and six splicing factors were all overexpressed in early arousal compared to late torpor, as determined using shotgun proteomics . Furthermore, the same study compared the shotgun proteomics data to mRNA expression data obtained previously (Yan et al. 2008 ) in order to identify correlations between them. While a subset of targets measured showed concomitant changes in mRNA and protein, differentially expressed proteins including those involved in protein translation and degradation, mRNA processing, and oxidative phosphorylation did not change significantly at the mRNA level, suggesting significant posttranscriptional regulation of protein expression . Taken together, these studies support the general importance of mRNA processing factors in three types of hibernators across different tissues, highlight a possible significant role of mRNA processing machinery in mediating transitions between torpor and arousal, and reinforce the complexity of posttranscriptional regulatory mechanisms during hibernation.
While the regulation of alternative splicing has been extensively studied in a tissue-and developmental stage-specific manner, data on the role of alternative splice variants in mammalian hibernation is very limited. Studies of the American black bear (Ursus americanus) aimed at the development of genomic resources was able to gain a perspective on the proportion of alternatively spliced genes through indepth analysis of large-scale expressed sequence tags (ESTs) . A total of 38,757 EST sequences were generated from cDNA libraries from 5 tissues including brain, liver, heart, skeletal muscle, and testis using a normalizationsubtraction method. To identify the splicing patterns of bear ESTs, the sequences were mapped onto the dog genome and, as a result, researchers found a total of 630 clusters (25 %) showing alternative splicing and 504 alternative splicing events were classified into 4 typical patterns. The data revealed that alternative 5′splice sites had the highest occurrence (35 %), followed by alternative 3′sites (29 %), exon skipping (24 %), and intron retention (12 %). The frequency of each category was not significantly different from the distribution of splicing events in other mammalian species but the order of each category from highest to lowest was different, e.g., in humans, the order was exon skipping (42 %), alternative 3′ sites (26 %), alternative 5′splice sites (24 %), and intron retention (8 %). Although these data do not comment on the importance of alternative splicing events to torpor-arousal, other groups have begun to describe these changes.
Accumulating data have identified hibernators including arctic ground squirrels, Syrian hamsters, and black bears as models for understanding the pathobiology of neurodegenerative diseases such as Alzheimer's (Stieler et al. 2011) . The pathogenesis of neurodegenerative disease is thought to be related to Tau proteins, whereby increased Tau phosphorylation is a pivotal aspect for aggregation and formation of neurofibrillary tangles (Iqbal et al. 2005) . Consequently, studies with these hibernators have focused on Tau proteins and microtubule assembly/ stability as well as changes in Tau phosphorylation. Tau exhibits six alternatively spliced mRNA isoforms that differ in the number of N-terminal inserts and their differential expression, in combination with protein modifications by phosphorylation, influences their affinity to microtubules. In arctic ground squirrels, mRNA isoform expression data revealed two distinct PCR products resulting from an alternative splicing event surrounding exon 10 that encodes for an additional microtubule binding repeat. Moreover, the results showed a significantly altered Tau isoform expression pattern during hibernation whereby the tau isoforms including exon 10 were significantly decreased during torpor and following arousal. Exon 10 encodes for an additional microtubule binding repeat (Stieler et al. 2011) , suggesting that alternative splicing events surrounding exon 10 may alter the binding capacity of Tau with microtubules during hibernation. Similarly, results from the greater horseshoe bat, obtained from a suppression subtractive hybridization library, revealed that the bat brain calcium/calmodulin-dependent protein kinase kinase β1 (CaMKKβ1) gene has four transcript isoforms differing primarily in exons b and d (Yuan et al. 2007 ). CaMKKβ1 was of particular interest because it plays an important role in calcium-mediated neurotransmission and normal brain activity (Hsu et al. 2001) . Interestingly, the authors showed that the functional and nonfunctional splicing isoform of CaMKKβ1 displays distinct expression patterns between hibernating and active states whereby the nonfunctional isoform was selectively upregulated. Furthermore, the authors suggest that this differential regulation may represent a novel neuroprotective strategy adopted by bats to avoid tissue damage during hibernation by decreasing the sensitivity of neurons to calcium influx. Consequently, these studies determined that alternative splice variants are responsive to hibernation and, moreover, suggest that changes in alternative splice variants could have significant functional consequences.
Hibernator brains are not the only tissue to show evidence of alternative splicing in response to hibernation since additional data from the liver of the greater Egyptian jerboa (Jaculus orientalis) and thirteen-lined ground squirrel have also recently been described. The peroxisome proliferatoractivated receptor (PPAR) family of transcription factors play a key role in lipid metabolism, and controlled regulation of lipid metabolism is integral to mammalian hibernation (Eddy et al. 2005b) . While PPARgamma and the PPARgamma coactivator (PGC-1alpha) have been shown to respond to hibernation in thirteen-lined ground squirrels (Eddy et al. 2005b) , PPARα also plays a role in J. orientalis liver during hibernation (El Kebbaj et al. 2009 ). The data showed that jerboa liver expressed an active wild-type form of PPARα (PPARα1wt) and a truncated PPARα (PPARα2tr), and the ratio of wt:tr was differentially regulated during hibernation. As a result of a posttranscriptional exon-skipping event, PPARα2tr lacks the ligand-binding domain and is thought to repress the activity of PPARα1wt by competing with essential coactivators (Gervois et al. 1999) . During hibernation, the level of the active PPARα1wt did not vary significantly but PPARα2tr nearly disappeared so that the wt:tr ratio rose by 3.74-fold as compared with liver of active jerboas. Most recently, we described data whereby alternative TIA-1 and TIAR gene variants were detected in the liver of thirteenlined ground squirrels (Tessier et al. 2014) . T cell intracellular antigen 1 (TIA-1) and TIA1-related (TIAR) are RNA-binding proteins that play a role in pre-mRNA splicing (MinvielleSebastia et al. 1997; Suswam et al. 2005) , translation (Sachs and Davis 1989; Kedersha and Anderson 2007) , mRNA stabilization (Decker and Parker 1993) , and decay (Caponigro and Parker 1995) . The data revealed that TIA-1a and TIA-1b isoforms were significantly enhanced in nuclear fractions during torpor, as compared with controls, suggesting that both isoforms were responsive to hibernation. TIAR isoforms a and b also exhibited parallel changes in response to torpor; however, the subcellular distribution of these isoforms differed whereby TIARa was mostly restricted to cytoplasmic fractions. Another interesting point was the prevalence of the TIA-1b isoform relative to the TIA-1a isoform in both nuclear and cytoplasmic fractions across control and torpid conditions. Studies of the functional consequences of TIA-1 alternative processing indicate that isoform b has higher splicing activity, supporting the possibility that alternative splicing may be occurring during torpor (albeit at low levels) or that pre-mRNA preloaded with TIA-1b during torpor may fuel the rapid reversal of the hibernating phenotype. While the abovementioned data gives us a first glimpse into the role of mRNA processing factors as significant biological processes during mammalian hibernation, we anxiously await further studies in the area since much remains incompletely understood.
Given the instability of mRNA relative to protein, the length of a torpor bout (as long as 3 weeks), and the low transcriptional rates during torpor, one could predict that gene products would become limiting during torpor. This could hold true despite low body temperatures which would be predicted to passively slow mRNA decay pathways during deep torpor. Surprisingly, data from several mammalian hibernators have shown that the total pool of mRNA remains constant through a torpor bout (Srere et al. 1995; Frerichs et al. 1998; O'Hara et al. 1999) , suggesting that global reductions in degradation pathways and enhanced mRNA stability may be components of torpor. Since changes in mRNA half-life may play a direct role in mRNA abundance without any change to transcription, this regulatory mechanism could have significant consequences for torpor when energy conservation is critical. Indeed, studies with mammalian hibernators are beginning to identify mechanisms that prolong mRNA half-life and enhance stability. Pathways involved in mRNA decay include removal of the poly(A) tail prior to nucleolytic cleavage; therefore, the length of the poly(A) tail can be used as a measure of mRNA stability (Korner and Wahle 1997) . As such, studies in arctic ground squirrels used the length of the poly(A) tail as a proxy for mRNA stability (Knight et al. 2000) . The data revealed that poly(A) tail lengths are conserved during torpor, suggesting that mRNA is stabilized during hibernation. Further to this, when the distribution of poly(A) tail lengths were plotted as a function of torpor bout progression, the distribution pattern was consistent with the binding of poly(A)-binding protein (PABP), indicating a possible role of PABP in mRNA stability, as has been shown in other studies (Bernstein et al. 1989; Korner and Wahle 1997) . While the interaction between mRNA and PABP-1 has not been fully described, we have also recently suggested a role for PABP-1 as an mRNA stabilizer in hepatocytes of thirteen-lined ground squirrels during deep torpor (Tessier et al. 2014) . Our data showed that despite no observed changes in the relative expression levels of PABP-1 in nuclear fractions from euthermic versus torpid ground squirrels, RNA binding proteins including PABP-1 and TIA-1/R localized to subnuclear structures during torpor. We proposed that this nuclear localization may have a role to play in enhancing the stability of mRNA transcripts during torpor. Taken together, studies in arctic and thirteen-lined ground squirrels suggest that PABP and other RNA binding proteins may play a prominent role in enhancing mRNA stability during torpor.
Translational apparatus
Even after making it through all of the mRNA processing steps, gene transcripts still face additional checks and balances before being finally translated into a protein. A host of eukaryotic initiation factors (eIF) are involved in the regulation of translation including eIF2α, eIF4B, eIF4E, and eIF4GI and -II which are components of the ternary and 48S preinitiation complex (Klann and Dever 2004) . Regulation of translation also occurs at the elongation phase with one such mechanism focused on the translation elongation factor, eEF2 (Hizli et al. 2013) . Since certain initiation and elongation factors are limiting reagents required for active translation, regulatory mechanisms which limit their accessibility may have significant effects on translational competence. Well-known regulatory mechanisms include posttranslational modifications (e.g., reversible phosphorylation) and protein-protein binding interactions that render an initiation/elongation factor unavailable to bind mRNA. For example, initiator methionyl-tRNA is introduced into the translation initiation complex by eIF2, and phosphorylation of serine 51 on the α-subunit of eIF2 inhibits this process (Sonenberg and Hinnebusch 2009 ). This is because phosphorylation generates a stable eIF2-GDP complex that binds the recycling protein, eIF2B, and prevents exchange of bound GDP for GTP, a necessary step for each round of translation initiation (Baird and Wek 2012) . Additional regulatory posttranslational modifications that inhibit translation include phosphorylation of eIF4E at serine 209 and modification of eEF2 by either phosphorylation at threonine 56 or ADP-ribosylation (Gingras et al. 1999; Jørgensen et al. 2006; Hizli et al. 2013) . Furthermore, proteins such as 4E-binding protein-1 (4E-BP) and HSP27 can interact with eIF proteins thereby inhibiting their function and reversible phosphorylation events are one mechanism which can modulate these interactions (Gingras et al. 1999) . For example, phosphorylation on threonine 45 of 4EBP, mediated by the mammalian target of rapamycin (mTOR), results in a dissociation of eIF4E:4EBP complexes, releasing the inhibitory effect of 4EBP on translation initiation (Thoreen et al. 2012) . The mTOR complex (mTORC) also exerts control over translation initiation by regulating the p70 S6 kinase. Active mTORC1 phosphorylates p70S6K and activated p70S6K in turn phosphorylates the ribosomal protein S6 and eIF4B, which are components of the mRNA translation preinitiation complex .
Many studies have identified differential regulation of translation initiation factors in response to cycles of torporarousal in mammalian hibernation (Storey and Storey 2004a) . In brain of torpid thirteen-lined ground squirrels at low Tb, the rate of protein synthesis was undetectable in brain sections and, in brain extracts, was determined to be just 0.04 % of the mean rate of active euthermic squirrels (Frerichs et al. 1998) . When temperature effects on translational rates were eliminated by analyzing brain extracts from hibernators at 37°C, net protein synthesis was still reduced by threefold as compared with euthermia. Hence, hypothermia alone could not explain the decrease in translation, implicating the involvement of additional molecular mechanisms. This was traced to controls on eIF and eEF proteins. Whereas the total amount of eIF2α was unchanged, the phosphorylation of eIF2α was greatly increased during torpor, suggesting a significant role for eIF2α regulation in the suppression of translation initiation (Frerichs et al. 1998) . The importance of eIF2α regulation was also observed in the kidney of thirteen-lined ground squirrels whereby a strong decrease (85 %) in translation rate occurred during torpor (as compared to euthermia), and this correlated with a striking increase in the amount of phosphorylated eIF2α (Hittel and Storey 2002) . The opposite response was observed in brown adipose tissue where there was no translational depression during torpor and no phosphorylated eIF2α was detected in either control or torpid animals (Hittel and Storey 2002) .
To gain a more comprehensive view on translational control during hibernation, the expression of eIF2, eIF4B, eIF4E, eIF4GI and -II, and 4E-binding protein-1 (4E-BP1), −2, and −3 and phosphorylation status were assessed across the hibernation cycle in liver of golden-mantled ground squirrels (Spermophilus lateralis) (Van Breukelen et al. 2004) . The data revealed that the total protein levels of 4E-BP was not detectable in summer active ground squirrels but present during torpid conditions (Van Breukelen et al. 2004) , suggesting a significant role for 4E-BP in translational suppression during hibernation. Further to this, the same study detected changes in the phosphorylation state of 4E-BP whereby 4E-BP was hypophosphorylated during torpor (i.e., cap-dependent initiation of translation is restricted) and hyperphosphorylated during interbout arousal. Another significant regulatory locus was determined to be eIF4E which showed a 40 % greater intensity in the hyperphosphorylated form comparing winter and summer animals. Regulatory mechanisms acting to suppress protein synthesis during elongation in hibernators have also been measured; studies with ground squirrels have shown that polypeptide elongation by ribosomes were threefold longer in brain extracts from torpid animals than in control extracts (Frerichs et al. 1998) . Although a comparison between three sets of active versus hibernating extracts revealed no detectable ADP ribosylation of eEF2 during hibernation (Frerichs et al. 1998 demonstrated that phosphorylated eEF2 (the inactive form) was increased during torpor in the brain and liver. This response correlated with an increase in the activity of eEF-2 kinase as well as with a decrease in the activity of protein phosphatase 2Awhich opposes eEF2 kinase . Taken together, these data suggest a significant role for eIF2α, eIF4E, 4E-BP, and eEF2 phosphorylation in influencing protein synthesis and, furthermore, demonstrates tissue-specific differences in the way in which translation is regulated during torpor.
The mTOR pathway is a master regulator of protein synthesis which exerts control over 4E-BP1 and p70 ribosomal S6 kinase (S6K1) through phosphorylation (Laplante and Sabatini 2009) . While phosphorylation of 4E-BP1 interferes with its association with eIF4E, the phosphorylation/ stimulation of S6K1 results in the regulation of additional proteins such as ribosomal protein S6 leading to increases in mRNA biogenesis (Laplante and Sabatini 2009) . Data in ground squirrels over cycles of torpor-arousal demonstrated that the phosphorylation state of mTOR (Ser2448) was strongly reduced in skeletal muscle during late torpor but increased by 200 % during early arousal compared with euthermic animals, suggesting reversible control of translation over cycles of torpor-arousal (Wu and Storey 2012) . Additionally, these changes correlated with the response of selected downstream substrates including p-4E-BP1 (Thr46) and p-S6 (Ser235) whereby contents dropped during torpor before returning to euthermic levels during arousal. Data in the thirteen-lined ground squirrel liver showed analogous results; phosphorylation of 4E-BP1 (Thr37/46) and S6 (Ser235/236) showed a strong reduction during torpor which was partly restored to euthermic controls during the transitory phases. This relationship between depressed protein synthesis during torpor and reversal during arousal is also supported by data from arctic ground squirrels whereby 7 eukaryotic translation initiation factors and 13 ribosomal proteins were significantly overexpressed in arousal, as compared to torpor .
The separation of translation complexes in linear sucrose gradients is an excellent method for measuring the overall fitness of protein synthesis. In combination with Northern and Western blotting, genome-wide microarray analysis or qRT-PCR, the constituents of polysome profiles may be analyzed in order to glean information about their regulation in response to stress. Polysome profiles have been generated for several hibernating mammals and tissues including the thirteen-lined ground squirrel brain (Frerichs et al. 1998) , kidney and brown adipose tissue (Hittel and Storey 2002) , arctic ground squirrel liver (Knight et al. 2000) , and goldenmantled ground squirrel liver (Pan and Van Breukelen 2011) . Each of these studies have independently confirmed the same principle of polysome disaggregation during hibernation (Hittel and Storey 2002) , and others have extended this data to describe a return of mRNA to polysome fractions during arousal (Knight et al. 2000) . Furthermore, the relationship between body temperature and polysome profiles was assessed; 18°C was found to be the critical temperature where polysome disaggregation/reaggregation occurred, as judged by a large increase in actin mRNA and rRNA in the monosome fraction (Van Breukelen and Martin 2001) . Protein constituents of monosome versus polyribosome fractions have also been measured in order to identify proteins which may regulate ribosome transitions. Western blotting was used to assess the presence of TIA-1 and PABP-1 in the polysome profiles of kidney extracts from euthermic versus hibernating ground squirrels (Hittel and Storey 2002) . TIA-1 was restricted to the monosome fractions in both situations, suggesting TIA-1 may mediate translational suppression of mRNA pools during hibernation, a hypothesis which has also been proposed in the liver of thirteen-lined ground squirrels (Tessier et al. 2014) . In contrast, PABP-1 was found in monosome fractions (fractions 8-10) in extracts from euthermic animals whereas, in extracts from hibernating individuals, PABP-1 was also detected in fractions 4, 5, and 7. This transition was hypothesized to represent mRNA sequestered into untranslatable pools and, by extension, suggest the possible involvement of stress granules in the inhibition and stabilization of mRNA during hibernation (discussed further in Subcellular compartmentation/ localization below).
While a case has been made for global decreases of cap-dependent inhibition of translation, many studies have described the importance of strategically increasing the expression of selected genes/proteins involved in regulating metabolism and cellular stress. Hence, some gene transcripts must escape these inhibitory signals. Furthermore, the mechanisms which regulate the preferential synthesis of key proteins, amongst a pool of preexisting mRNAs, are likely to be critical for survival of the challenges associated with hibernation that would be lethal to nonhibernating mammals. The answer to this lies, at least in part, with a mechanism known as an internal ribosome entry site (IRES; Pan and Van Breukelen 2011) . IRES elements are nucleotide sequences that allow for translation initiation in the middle of an mRNA (they are not cap-dependent) and are typically present in mRNAs encoding stress response proteins (Fitzgerald and Semler 2009) . Since organisms generally respond to stressful states by reducing global translation, these mechanisms have evolved in order to evade this response. In this capacity, Pan and Van Breukelen (2011) analyzed polysome fractions for mRNAs that are known to contain or not to contain IRES elements. These studies concluded that, during hibernation, ribosomes are preferentially loaded with mRNAs containing IRES elements and this preference progresses throughout the torpor-arousal cycle, reaching the highest IRES index during arousal. Furthermore, the same study indicated that this change in IRES preference is the result of changes in mRNA association with ribosomes instead of mRNA abundance. This observation represents a unique opportunity whereby hibernation may be used as a mechanism to resolve how this preferential ribosomal loading is mediated with implications for all forms of the stress response.
Subcellular compartmentation/localization
One prominent feature of eukaryotic cells is the ability to organize discrete subcellular compartments, enabling more efficient systems with enhanced control. To date, numerous subcellular compartments and the microenvironments therein have been identified as playing a role in the posttranscriptional regulatory program including several stress-responsive nuclear (e.g., fibrogranular material, amorphous bodies, and Cajal bodies) and cytoplasmic bodies (e.g., stress granules). Vast networks of RNA-protein and protein-protein complexes are recruited to specific sites of transcription, splicing, processing, storage, and transport (Zimber et al. 2004) , resulting in their enrichment and improving the efficiency of mRNA processing. In contrast, limiting components of these large regulatory complexes may be sequestered in compartments such as the nucleolus rendering them unavailable, and effectively inhibiting unwanted cellular functions (Audas et al. 2012) . Nuclear bodies respond to cell stress of many kinds including heat shock, apoptosis, senescence, heavy metal exposure, viral infection, and DNA damage, and are involved in multiple human disease pathologies such as neurodegenerative diseases and cancer (reviewed in Zimber et al. 2004; Morris 2008; Busà et al. 2010) . Cytoplasmic stress granules have been shown to form in response to hypoxia (Gottschald et al. 2010) , heat/cold shock (Kramer et al. 2008; Hofmann et al. 2012) , oxidative stress (Emara et al. 2012 ), viral infection (Lindquist et al. 2010) , and nutrient deprivation (reviewed in Anderson and Kedersha 2008; Jones et al. 2013) . With the growing list of environmental stress conditions, viral infections, and disease states that are related to changes in the compartmentation of cellular components, it is becoming increasingly important to understand these changes in the context of gene/protein expression programs. Mammalian hibernators present a unique opportunity to explore these concepts. Importantly, these regulatory mechanisms are relevant to the hypometabolic state because this form of control allows mRNA/protein to be regulated without changes in total expression.
One particularly relevant target is transcription factors since they exert control over the transcriptional program which influences all aspects of cell survival and physiological adaptation, as well as pathological manifestation. Studies of a growing number of transcription factors have already made large strides in our understanding of the gene expression programs which facilitate the hibernation phenotype (reviewed in Storey and Storey 2004b; Morin and Storey 2009 ). For example, molecular pathways responsible for enhancing stress tolerance include the activation of the unfolded protein response by ATF4 and CREB-1 (Eddy and Storey 2007; Mamady and Storey 2008) , modulating antioxidant capacity by Nrf2 and NF-κB (Carey et al. 2000; Morin et al. 2008b; Allan and Storey 2012) , and improving natural tolerance of brain ischemia by FoxO (Cai et al. 2004) , to name only a few (Tessier and Storey 2010; Brooks et al. 2011; Rouble et al. 2013) . Transcription factors are also known to be pivotal in mediating metabolic needs during hibernation including a role for HIF-1α (Morin and Storey 2005; Maistrovski et al. 2012) , PPARγ, and PGC-1α (Eddy et al. 2005b) . Cytoplasmic-nuclear distribution is one mechanism which regulates transcription factor activity and changes in this distribution has been established in several studies of mammalian hibernation. For example, changes in the distribution of total and phosphorylated MEF2 transcription factors (Tessier and Storey 2010) and NF-kB p50 and p65 subunits (Allan and Storey 2012) in nuclear versus cytoplasmic fractions of skeletal muscle in thirteen-lined ground squirrels showed that differential compartmentation contributes to the regulation of gene expression during hibernation. While membrane-enclosed subcellular organelles are critical to separating cellular activity in space and time, many nonmembranous structures may also play a role in the localization of transcription factors in response to hibernation. For example, CLOCK, a member of the bHLH-PAS family of transcription factors, showed intracellular redistribution during hibernation in hepatocytes of the edible dormouse whereby the protein significantly accumulated in amorphous bodies and decreased in all other cellular compartments (Malatesta et al. 2003) .
The presence of nuclei containing structural components that form in response to hibernation has been observed in several tissues of the hazel dormouse (M. avellanarius) and the edible dormouse (Glis glis) (Zancanaro et al. 1993; Malatesta et al. 1994a Malatesta et al. , b, 1995 Malatesta et al. , 1998 Malatesta et al. , 1999 Malatesta et al. , 2000 Tamburini et al. 1996) . These studies have made significant strides in our understanding of nuclear dynamics in response to cycles of torpor-arousal and some general principles are described herein. Firstly, the general morphology of cell nuclei does not change substantially between euthermia and torpor (Malatesta et al. 1994a) , although the cell nucleus undergoes an important structural reorganization in the hypometabolic state (Malatesta et al. 1999; Malatesta et al. 2008) . In this capacity, nuclear bodies including fibrogranular material, amorphous bodies, coiled bodies, perichromatin granule-like granules, and nucleoplasmic fibrils have been shown to be correlated with hibernation (Malatesta et al. 1999) . Furthermore, these nuclear structures are present across different species, although nuclear bodies were less frequent in edible versus hazel dormice and displayed morphological differences (Malatesta et al. 1999) . Whereas tissue-specific differences in the distribution of nuclear bodies have been shown, most contain some mRNA splicing or processing factors (except for nucleoplasmic fibrils for which the composition remains unknown) suggesting that posttranscriptional regulatory mechanisms during torpor are quite complex. Finally, while sensitive to low body temperatures, the presence of nuclear bodies are correlated with extremely reduced metabolic rate (Malatesta et al. 1999; Malatesta et al. 2001 ).
Although there is compelling evidence for the advantages of studying euthermia-torpor-arousal transitions to understand the regulatory mechanisms which initiate and dissociate nuclear structures during hibernation, the exact functional role and interplay of each structure is only beginning to be understood. For example, structures including coiled bodies (CBs) and amorphous bodies (ABs) are suggested to represent storage sites for splicing factors that can be rapidly used upon arousal, nucleoplasmic fibrils are hypothesized to play a role in the dynamics of the associated structural components, and fibrogranular material (FGM) is thought to be involved in transcription and processing of pre-mRNA during hibernation (Malatesta et al. 2001) . The presence of these nuclear structures is correlated with reduced metabolic rate and their reversal occurs within a few minutes of arousal, providing a mechanism for the rapid resumption of protein synthesis (Malatesta et al. 2001) . We have also identified a novel subcellular body during hibernation in thirteen-lined ground squirrels (Tessier et al. 2014 ). This subnuclear body consists of RNA-binding proteins such as TIA-1, TIAR, and PABP-1 which are also markers of cytoplasmic stress granules. While further evidence is required to associate these hibernating-specific subnuclear foci with a specific function, we hypothesized the following possible roles: (1) the enhancement of mRNA stability, (2) sites of transcript storage while mRNA is still in the nucleus, and/or (3) selective processing of pre-mRNA essential to the stress response. Nonetheless, all of these functions likely support an overall suppression of translation during torpor, while also promoting a rapid resumption of protein synthesis when animals arouse back to euthermia.
Another relevant subnuclear structure which has been shown to undergo structural and molecular changes over torpor-arousal in hazel dormice is the nucleolus. It has been proposed that the nucleolus may act as a molecular "jail" detaining proteins from their downstream effectors (Audas et al. 2012) . Proteins which are targeted to the nucleolus contain a nucleolar localization sequence (NoLS), and, using a combination of bioinformatics approaches and experimental evidence, the list of proteins detained in the nucleolus is increasing (Scott et al. 2010 ). In the hibernating dormouse, microscopy of the nucleolus shows many nucleoplasmic invaginations containing weakly contrasted areas of unknown nature which disappear upon arousal (Malatesta et al. 2011 ). These nucleolus-associated domains contain m3-G-capped snRNAs, snRNPs, hnRNPs, and the survival motor neuron protein but were devoid of polymerase I, fibrillarin, nucleolin, and the ribosomal phosphoproteins P0, P1, and P2. The authors hypothesized that nucleolus-associated domains may represent a transient storage site for those molecules involved in pre-mRNA splicing, and this would facilitate the resumption of RNA maturation by promoting the rapid reactivation of molecular trafficking from the nucleolus (Malatesta et al. 2011 ).
In addition to nuclear dynamics, well-studied cytoplasmic foci/granules also appear to be involved in RNA silencing during mammalian hibernation. Cytoplasmic stress granules and processing bodies are both nonmembranous, ribonucleoprotein containing structures that each recruit distinct proteins during stress which are reflective of their cellular roles. The core components of stress granules are small ribosomal subunits and translation initiation factors (eIF4E, eIF3, eIF4A, and eIFG), RNA-binding proteins (HuR, TIA-1, and TIAR), and other components of mRNA metabolism (Kedersha and Anderson 2007 ). By contrast, processing bodies contain components of the RNA decay machinery (DCP1/DCP2, Hedls/GE-1, SMG5/7, and UPF1) and RNA-induced silencing machinery (GW182, microRNA, and argonaute) (Kedersha and Anderson 2007) . As a result, stress granules are generally considered to be sites of mRNA storage whereas processing bodies are places for mRNA degradation. Moreover, it has been proposed that mRNAs selected for degradation are passed from stress granules to processing bodies. While an attractive candidate for involvement in the hibernation state, there was no evidence of stress granules in hepatocytes of hibernating thirteen-lined ground squirrels (Tessier et al. 2014) . However, given the tissue-specific mechanisms employed by each tissue to repress translation, the involvement of stress granules nonetheless remains a plausible hypothesis in other tissues, especially in the kidney as discussed above. During euthermia, Hittel and Storey (2002) found a redistribution of PABP from monosome fractions (fractions 8-10) to fractions 4, 5, and 7 during hibernation, suggesting that stress granules may play a role in the inhibition and stabilization of mRNA during hibernation. While stress granules were not verified by immunofluorescence and fluorescence microscopy, further research in the area will clarify the functional significance of data obtained from these polysome profiles.
Summary
The intracellular environment contains a huge number of merging/diverging, intersecting, and paralleling pathways with layer upon layer of regulatory mechanisms at each intersection. As presently discussed, biomolecules may be compartmentalized, allowing the cell to regulate activity in space and time and influencing the way in which biomolecules interact with the cellular environment. These events are directly correlated with the torpid state and are rapidly reversed during arousal. A case has been made for the importance of posttranscriptional controls such as pre-mRNA processing factors involved in capping, splicing, and polyadenlyation, the role of RNA binding proteins and decay pathways in promoting mRNA stability, and mechanisms to globally reduce translation while also preferentially increasing the expression of stress-responsive proteins. Translation is also controlled by kinases, such as mTOR, as well as a host of translation initiation and elongation factors which are responsive to the energetic status of the cell. Many of the regulatory mechanisms that control the conversion of a signal into a functional protein have been extensively studied in mammalian hibernation, an excellent platform for analyzing these processes because the transition into torpor represents both a huge change in metabolic state and one that is stable for days/weeks at a time. While significant advances have recently been made, further research which describes the selective regulation of genes required to support the hibernating phenotype will allow us to take advantage of these survival strategies in clinical applications.
